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Method and device for estimating and compensating IQ imbalance 



The present invention relates to a method and 
device for estimating and compensating the IQ imbalance which is 
5 introduced on an RF multicarrier signal received via a channel on a direct 
conversion analog receiver, such as for example a zero-IF receiver, 

A method for detecting and correcting IQ 
imbalance in a direct conversion receiver is known from WO-A-03/003686 
(published after the earliest priority date of this application). A group of 

10 radio frequency (RF) pilot signals are received in the direct conversion 
receiver and conveyed to an in-phase (I) branch and a quadrature-phase 
(Q) branch of the receiver. The signals on the in-phase and quadrature- 
phase branches are mixed in the analogue domain to form baseband in- 
phase and quadrature-phase signal components. In the digital domain, IQ- 

15 imbalance in the pilot signals is detected by averaging the Q-component 
over a number of consecutive pilot signals. On the basis of the averaged 
Q-component, which represents an estimate of the IQ-imbalance, a 
correction signal is created which is fed back to the analogue domain for 
correcting the future baseband signal components to achieve a 90° phase 

20 difference. 

The method known from WO-A-03/003686 has 
the disadvantage that the detection of IQ-imbalance by averaging over a 
plurality of consecutive pilot signals is too slow for extensive data 
transmission. Furthermore, the method known from WO-A-03/003686 only 
25 compensates IQ phase imbalance, not IQ amplitude imbalance. 
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It is an aim of the invention to provide a faster 
method for determining IQ imbalance. 

This aim is achieved according to the invention 
with the method showing the technical steps of the characterising part of 
5 the first claim. 

The method according to the invention 
comprises the following steps for determining at least one IQ imbalance 
parameter indicative of the IQ imbalance introduced on the RF multicarrier 
signal. This RF signal comprises a training or pilot signal and a data 

10 signal, which contains the actual data to be transmitted. From the training 
signal, a first frequency domain channel characteristic of the transmission 
channel is estimated. A predetermined relationship is defined between a 
corrected frequency domain channel characteristic of the transmission 
channel and the estimated first channel characteristic. This relationship 

15 comprises the at least one IQ parameter to be determined, so that the 
relationship takes the IQ imbalance of the first channel characteristic into 
account. According to the invention, the IQ parameter is determined in 
such a way on the basis of the relationship between the first and the 
corrected channel characteristics, that the corrected channel characteristic 

20 meets a channel constraint. 

In other words, the method of the invention 
uses the information that the transmission channel does not have an 
arbitrary channel characteristic in the frequency domain, but that this 
channel is subjected to a given constraint. This constraint is used to 

25 determine the at least one IQ imbalance parameter, in fact while 
correcting the first channel characteristic to the corrected channel 
characteristic. As a result, the IQ imbalance parameter is in fact 
simultaneously determined with the corrected channel characteristic, 
substantially in a single step, so that a faster method for determining the 

30 IQ imbalance is achieved. Furthermore, the method of the invention can 
surprisingly sustain large IQ imbalance without leading to too much 
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degradation. Furthermore, with the method of the invention both phase 
and amplitude IQ imbalance can be determined and hence compensated. 

The channel constraint which is preferably used 
according to the invention for determining the at least one IQ imbalance 
5 parameter is that the corrected channel characteristic should be smoother 
than the estimated, first channel characteristic. The information which is 
used here is that the IQ imbalance leads to sharp transitions in the 
estimated or measured frequency domain channel characteristic, whereas 
in reality the channel characteristic is substantially smooth. As a result, 

1 0 correcting the channel characteristic for IQ imbalance means reducing the 
sharp transitions in the channel characteristic. Any other channel 
constraint may however also be used according to the invention for 
determining the IQ imbalance parameter. 

The feature that the channel characteristic is 

15 smooth can be defined by saying that the channel has a coherence 
bandwidth which is (a lot) larger than the inter-carrier spacing of the 
channel. According to this definition, smoothening the channel 
characteristic means to increase the coherence bandwidth. 

From the above, it can be derived that the 

20 corrected channel characteristic is preferably as smooth as possible. This 
channel constraint can be achieved according to the invention minimising 
an error norm, such as for example the mean square error (MSE), 
between consecutive channel coefficients of the channel characteristic. 

In a preferred embodiment of the method of the 

25 invention, the presence of a carrier frequency offset (CFO) on the RF 
signal is taken into account. The problem of carrier frequency offset is 
known in the art and results from a frequency difference between the local 
oscillators on the transmitter and receiver sides. It is however unknown to 
determine IQ imbalance in the presence of CFO. 

30 According to a first preferred embodiment of 

the invention, a method for determining IQ imbalance in the presence of 
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CFO is proposed, which comprises the following steps. A carrier 
frequency offset is first determined from the demodulated training signal. 
The determined frequency offset is equivalent to a compensation phase, 
which is used to rotate the training signal twice, one time in forwards 

5 direction and one time in reverse direction, so that a forwards and a 
reverse rotated training signal are obtained. Both training signals are then 
used to determine a channel characteristic. Both these channel 
characteristics are used, in a similar way as has been described above, to 
obtain a corrected channel characteristic, which is defined by means of a 

10 predetermined relationship towards the two channel characteristics. As 
above, this relationship comprises the at least one IQ imbalance 
parameter, which is determined in such a way that the corrected channel 
characteristic fulfils the channel constraint. 

In another embodiment of the method of the 

15 invention, the CFO is taken into account using the information that in the 
frequency domain the CFO leads to inter-carrier interference. In this 
embodiment, inter-carrier interference parameters are determined from 
the CFO estimate which is determined from the training signal and these 
parameters are taken into account in the predetermined relationship 

20 between the estimated, first channel characteristic and the corrected 
channel characteristic. 

In another aspect of the invention, at least one 
IQ imbalance parameter is determined by estimation in the time domain. 
In this aspect, the method according to the invention uses the information 

25 that the training signal comprises at least two consecutive long training 
symbols (LTS), which are transmitted as equal symbols but may be 
received as different symbols. In order to take the mismatch introduced by 
the channel and/or the receiver end into account, a first predetermined 
relationship is defined between a first corrected LTS and a first of the 

30 received LTS's and a second predetermined relationship is defined 
between a second corrected LTS and a second of the received LTS's. 
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Both relationships comprise at least one IQ imbalance parameter, for 
taking IQ imbalance into account. The second relationship further 
comprises a CFO compensation for taking the CFO into account, which is 
determined by means of the training signal. The IQ imbalance 
5 parameter(s) are in this case determined using the information that the 
two LTS's originally were equal symbols, so by minimising the difference 
between the first corrected LTS and the second corrected LTS. 

Both aspects of the invention, namely the 
frequency domain as well as the time domain IQ imbalance determination 

10 may also be combined into a selective method, in which the one or the 
other is used and the selection is based on the CFO. This combined 
method has the advantage that a low complexity scheme for 
compensating IQ imbalance can be designed. 

The invention further relates to methods for 

15 compensating IQ imbalance and optionally CFO, using one or more of the 
above described methods for determining the IQ imbalance and the CFO. 
Finally, the invention also relates to devices for implementing these 
methods, a wireless system comprising such device and a data carrier on 
which a program of instructions for performing one of these methods is 

20 stored. 

In summary, the methods of the invention 
enable low-complexity estimation/compensation schemes for tackling the 
IQ imbalance caused by direct conversion analog receivers. The invention 
makes it possible to design schemes which converge on one OFDM 

25 training symbol. Furthermore, it makes it possible to remove large IQ 
imbalance (e=10%,A<j)=:10 o ) and reduce the average remaining 
degradation down to 0.5 dB, even in the presence of large frequency 
offsets. As a result, the IQ mismatch specifications for the receivers can 
be significantly relaxed, so that cheaper components can be used and the 

30 design time can be shortened. In other words, low-cost and low- 
complexity OFDM receivers can be designed by means of the method of 
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the invention, making the method of the invention very suitable for 
implementation in WLAN systems. 

The invention will be further elucidated by 
means of the following description and the appended figures. 
5 Figure 1 shows the effect of IQ imbalance and 

correction on the estimated, first channel characteristic. 

Figure 2 shows the correction of IQ imbalance 
based on channel estimation for coded 64QAM. 

Figure 3 shows a preferred scheme according 
1 0 to the invention for joint IQ and CFO estimation/compensation. 

Figure 4 shows the degradation for 3 preferred 
algorithms for compensating IQ imbalance according to the invention. 

Figure 5 shows another preferred scheme 
according to the invention for joint IQ and CFO estimation/compensation. 
15 Figure 6 shows the performance of the scheme 

of figure 5 for coded 64QAM and (e= 10%, 10°) in the absence of a 
frequency offset. 

Figure 7 shows for the scheme of figure 5 the 
degradation at 10" 5 coded 64QAM as a function of the frequency offset. 
20 First, the model which is used in the method for 

determining IQ imbalance of the invention, the effect of IQ imbalance on 
OFDM and a compensation scheme for a no-or-low frequency offset 
scenario are explained. 

As used herein, frequency domain signals are 
25 underscored, while time domain signals are not. Signals are indicated in 
bold font and scalar parameters in normal font. 

IQ imbalance can be characterised by 2 
parameters: the amplitude imbalance e between the I and Q branch, and 
the phase orthogonality mismatch A<j>. The complex baseband equation for 
30 the IQ imbalance effect on the ideal time domain signal r is given by 
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r {q = (l + e) cos k<t> ♦ <K{ r } - (1 + £ ) sinA0- 3{ r } 

+ - s) cos A(2) . 3{r} - (1 - *) sin A<z> • Sft{r}] ^ ^ 

= (cosA0 + ^sinA^-r + tecosA^-ysinA^-r* 

wherein r iq is the time domain signal with IQ imbalance, denotes the 
real part, 3() the imaginary part and ()* the complex conjugate and 

a = cosA0+;£sinA0 
/? = £cosA0- ;sinA0 

5 As used herein, the term IQ imbalance parameters refers to a and p for 
calculations and estimations. To indicate physical parameters, however, 

the more direct e and A<)) are used. 

Next, the effect of the IQ imbalance in the 
frequency domain is analysed. If d is the incoming OFDM symbol (thus d 
10 =dt.c+n with d t the transmitted OFDM symbol, c the channel and n the 
noise), then IFFT(d) is the corresponding time domain signal. Applying the 
IQ imbalance (2) and taking the FFT to convert back to the frequency 
domain leads to 

d iq = FFT {a • IFFT(d) + p • [IFFT(d)]*} 

( 5 ) 

15 wherein d lq is the OFDM symbol with IQ imbalance and d m the incoming 
OFDM symbol, mirrored over the carriers: dm(j)=d(mod(Nsc-}+2,Nsc))» with N sc 
the number of sub-carriers in the OFDM symbol, 1< i< N sc and mod the 
modulo operation. Carrier 1 is the DC carrier. 

Herein, the focus is on IQ compensation for 

20 bursty communication, for which channel estimation is performed on the 
basis of a known training symbol. Both IEEE802.11a and HIPERLAN-II 
provide such a Long Training Symbol (LTS) (symbol t). The effect of IQ 
imbalance on channel estimation can be calculated based on (5). For the 
moment, the noise is ignored; its effect is taken into account for the 

25 performance analysis. The calculation leads to 
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h = t -[ait- c) + 0(1-0)1) 
= a-c + p-tjc 



* 

m 



(6) 



wherein h is the channel estimate calculated from the LTS, c is the exact 
channel vector and t^t.tm. 

As a result, h is a first channel characteristic, 
which is determined on the basis of the training signal, more particularly 
the LTS, This first channel characteristic is now used for determining a 
corrected channel characteristic c, which can be derived from (6) and 
defined as 



c = 



*\ % -\P\* 



(7) 



The estimation of a and p is based on the 
information that the corrected channel response should have a smooth 
channel characteristic: since the coherence bandwidth of the channel is (a 
lot) larger than the inter-carrier-spacing in a WLAN system, the channel 
response does not change substantially between successive frequency 
taps (the x-line in figure 1). With IQ imbalance, sharp transitions occur in 
the measured channel response h due to the p degradation term (the o- 
line in figure 1). Thus, correcting the IQ imbalance means making the 
channel response 'smooth 1 again. To this end, the set of IQ imbalance 
parameters (a,p) is determined which renders the corrected channel 
characteristic c as smooth as possible. This can for example be done by 
minimising the Mean Square Error (MSE) between consecutive channel 
coefficients 



(8) 



The derivation results in 



(9) 
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& = (10) 

In order to reduce complexity, a can be 
approximated in first order by: 

2 

5 Figure 1 shows that the influence of the IQ 

imbalance on the first channel characteristic can be corrected extremely 
well: the corrected channel characteristic (the A-line) coincides (almost) 
perfectly with the exact channel response (the x-line). Note that carriers 28 
to 38 are zero carriers, which means no channel estimation is needed on 
10 those carriers. 

As a result, the above described algorithm 
provides a corrected channel characteristic and an estimate of the IQ 
parameters a and (3 (or equivalent^ e and A(|>). Since e and A(|> and thus a 
and p are typically static over many symbols, their estimates from the 

15 channel correction on the training signal can also be used for the 
correction of the IQ imbalance on the data signal. Furthermore, the 
estimate of the IQ imbalance parameters is already provided before the 
data symbols arrive, so that the effect can be compensated in the time 
domain, i.e. before the FFT. This makes it possible to correct the IQ 

20 imbalance at a very early stage. 

To obtain the corrected, IQ compensated signal 
f from the observed time domain signal n q , equation (2) is solved for r, i.e. 



tq t* iq 

<x\ 2 -\P\ 



Since the above described algorithm is based 
25 on a frequency-domain estimation of the IQ parameters, it is herein shortly 
referred to as the 'IQ-Frequency Domain 1 or IQ-FD algorithm. 
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To test the performance of the IQ-FD 
estimation/compensation scheme, simulations were performed for coded 
64QAM in a multi-path environment. The multi-path channels are obtained 
through ray-tracing simulations. The impact of severe IQ imbalance 
5 (e=10%,A<|>=10 0 ) on coded (R=3/4 from the IEEE or HIPERLAN standard) 
64QAM transmission is quite dramatic: it renders the system useless, 
causing an error floor of 5.10" 1 . However, the combined scheme of 
channel and IQ-FD estimation/compensation reduces the degradation at a 
BER of 10" 5 down to 0.5 dB (figure 2). This shows the efficiency of the IQ- 
1 0 FD algorithm, at least at no or low CFO. 

As can be seen in figure 4, a frequency offset 
causes the performance of IQ-FD algorithm to drop drastically. Figure 4 
shows that the degradation at a BER of 10" 5 for coded 64QAM already 
exceeds 1 dB of degradation at a CFO of 20 kHz and exceeds 5 dB at 40 
15 kHz. In practice, the CFO can easily exceed 40 kHz. 

Therefore, in the following, a preferred 
embodiment of the method of the invention for estimating IQ imbalance in 
the presence of a frequency offset is described. 

In the time domain a Carrier Frequency Offset 
20 (CFO) causes an additional phase rotation between consecutive samples 
of CFO.Tg, with T s the sample time. In the frequency domain, a frequency 
offset causes leakage. This means that an OFDM symbol d is received 
under a frequency offset as 

03) 

25 wherein y is the inter-carrier-interference caused by the CFO: 



Yn=e Nk ¥ (14) 

wherein Af is the inter-carrier-spacing and N sc the total number of carriers 
in the system. 
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Mathematical analysis of the RF signals shows 
that the effect of the IQ imbalance and CFO can be modelled at baseband 
by first applying the frequency offset, followed by the IQ imbalance. An IQ 
compensation scheme is derived according to the same principles used 
5 above, leading to the IQ-FD algorithm, but now the frequency offset is 
taken into account. 

The CFO is estimated and compensated in the 
time domain. An algorithm is developed based on a scenario where the 
signal first experiences a frequency offset CFO, then an IQ imbalance 
10 (a,p) and then a frequency correction of -CFO. This assumes there is 
perfect frequency estimation, i.e. the frequency estimate is not disturbed 
by the IQ imbalance. This assumption and its effect are verified later. 

The effect of IQ imbalance on channel 
estimation in the presence of CFO can be described as follows 

15 h t = a • c { + fiu £ tj • c_, • r\ H (1 5) 

wherein 

As a result, not only the exact mirror carrier -i affects a certain carrier i, but 
also the carriers around -i because of the leakage effect of the CFO. 
20 Equation (15) reduces to (6) if no CFO is present 

0>i=8(H)). 

Solving (15) for c leads to an estimate of the 

correct channel: 

W * 

l -- Wmp? (17) 

25 Again as for IQ-FD algorithm, the a and p are desired which yield the 
smoothest corrected channel characteristic c. This leads to the following 
estimate for (3: 
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wherein 



Again, this estimation of p reduces to (9) if no CFO is present, a is derived 

5 from p through (10) or (11). 

Since the estimation of the IQ parameters in 
the presence of the frequency offset is performed in the frequency 
domain, this algorithm is referred to as the IQ-CFO-FD algorithm. 

The Nine in figure 4 shows that the IQ-CFO-FD 
10 algorithm works even for large frequency offsets: the degradation does not 
exceed 0.5 dB at a BER of 10" 5 coded 64QAM for frequency offsets up to 
1 28 kHz. 

In practice, the CFO can be estimated by 
means of the average phase rotation between the 2 LTS sequences 

E[angle(x 7 • x* )] 

1 5 CFO = 1 6 2 — — (20) 



sc s 



wherein xi and % 2 are the received training sequences and N SC T S is the 
time between 2 corresponding samples of the training sequences. This 
CFO estimation performs well in the presence of IQ imbalance: the 
simulation results from figure 4 are based on the CFO estimates and show 

20 that the estimates are accurate enough to produce only a small residual 
degradation in the IQ imbalance estimation/compensation. 

It is clear that IQ-CFO-FD algorithm is a more 
complex solution as opposed to the lQ-FD algorithm: for the computation 
of the corrected channel at 1 carrier, the measured channel h at all 

25 carriers is needed. This is due to the leakage caused by the frequency 
offset. For small frequency offsets, the leakage is limited, so that only a 
subset of all carriers is sufficient to compute the corrected channel at a 
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certain carrier. However, for large frequency offsets, the leakage is large 
and all carriers are needed for the correction of each carrier. 

Therefore, in the following, a first low- 
complexity algorithm as alternative for the IQ-CFO-FD algorithm is 
5 described. 

The reason for the increased complexity of IQ- 
CFO-FD algorithm is the combination of CFO and a frequency domain 
estimation. In the frequency domain CFO is described by leakage (14): all 
carriers are linked to one another and no simple carrier-by-carrier 

10 description or estimation is possible. On the other hand, in the time 
domain a frequency offset causes a simple phase rotation, linearly 
increasing over all time samples, but there is no cross-sample- 
interference. Therefore, a frequency offset is more easily coped with in 
the time domain. Unfortunately, the channel is not known when we 

15 perform the IQ estimation based on the LTS. The only information present 
is in the frequency domain: because of a limited time domain channel 
response the frequency channel response varies smoothly from 1 carrier 
to the next. This is the basis of IQ-FD and IQ-CFO-FD algorithm. 

Therefore, to perform IQ estimation in the time 

20 domain in the presence of a frequency offset, we need some extra 
information. Fortunately, both standards provide the transmission of not 
just 1 LTS, but of twice the same LTS. This allows us to use the first LTS 
as a reference and the second LTS is that reference but rotated according 
to the CFO. This idea is exploited in the next algorithm. 

25 The Long Training Symbol t is transmitted twice 

and goes through the same multi-path channel. It is assumed that the 
channel does not change over 2 consecutive OFDM symbols. Since the 
channel is not known at the time of the IQ estimation, 2 identical, but 
unknown sequences xi=X2 arrive at the receiver, xi and X2 are identical 

30 before they go through the front-end. In the front-end, with xi as a 
reference, x 2 undergoes a phase rotation CFOAt, with CFO the frequency 
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offset and At the time difference between corresponding samples of xi 

and x 2 . Moreover, they both undergo an IQ imbalance (a,(J). This means, 
in the digital domain, we receive 

y^a-x^P-x] (21) 
y 2 = a -x 2 ■ e JCF0 " ~/3-x 2 - e~ JCFOAt (22) 

The IQ imbalance (a,(3) on the received yi can be corrected by applying 
(12) to obtain an estimate of Xi. Similarly, y 2 can be corrected by applying 
the same IQ imbalance and an additional frequency correction -CFO 

\a\*-\fi\ 



^i^fS^ (23) 



10 JC - ° + r-iCFOt, (2 A\ 

2 \a\>-\/3" { } 



Since xi and x 2 are equal, the a and p are selected by means of which the 
difference between jf, and x 2 is minimised, e.g. in a Mean-Squared Error 
sense: 

MSB = Sift >»-<*2>il a (25) 

15 with N s the number of samples taken into account. This leads to the 
following estimate for |3: 

B^re^-wr 2 (26) 



Since the estimation of the IQ parameters is performed in the time domain 
we refer to this algorithm as the 'IQ Time Domain 1 or IQ-TD algorithm. 

20 The performance of this IQ-TD 

estimation/compensation scheme in the simulation of coded (R=3/4) 
64QAM is depicted in figure 4 by the o-line. The IQ-TD algorithm performs 
very well for high CFO where the remaining degradation is about 0.5 dB, 
but poorly for low CFO (<15 kHz) where the degradation quickly rises. At 

25 low CFO, the difference between the two received training symbols Xi and 
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x 2 becomes small and the p estimate (26) becomes noise dominated and 
diverges from the real p. 

Figure 4 shows that a first low-complexity 
embodiment for joint estimation/compensation of IQ imbalance and CFO 
5 is formed by the combination of the IQ-FD algorithm for small CFO and 
the IQ-TD for large CFO. This combination forms a first alternative for the 
IQ-CFO-FD algorithm, which reduces the remaining degradation below 0.5 
dB over the entire frequency range, but has its large complexity as major 
drawback. 

1 0 The switching point between the IQ-FD and IQ- 

TD algorithms is ideally around the trigger value of 15 kHz, where the o- 
and A-lines intersect. The overall remaining degradation is as low as for 
IQ-CFO-FD algorithm, except for a region around the 15 kHz switching 
point, where the peak degradation is still below 1 dB. The combination of 

15 IQ-FD and IQ-TD algorithms is therefore a very good alternative to the 
complex IQ-CFO-FD algorithm: it offers comparable performance at much 
lower complexity. The system overview for this alternative in shown in 
figure 3. 

There is an intuitive explanation for the 
20 existence of this switching point. If the frequency offset is large enough to 
have an impact on the performance, it is large enough to cause a 
measurable difference between the received training symbols Xi and X2, in 
which case the IQ-TD algorithm is used. The difference cannot be 
measured, if the impact of the frequency offset is too small. But then the 
25 impact on the performance is also small and the IQ-FD algorithm can be 
used. 

In the following, a second low-complexity 
algorithm as alternative for the IQ-CFO-FD algorithm is described. 

The block diagram of this second low- 
30 complexity algorithm is shown in figure 5. A carrier frequency offset is first 
determined from the demodulated training signal. The determined 
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frequency offset is equivalent to a compensation phase, which is used to 
rotate the training signal twice, one time in forwards direction (+CFO) and 
one time in reverse direction (-CFO), so that a forwards and a reverse 
rotated training signal are obtained. Both training signals are then used to 
determine a channel characteristic. Both these channel characteristics are 
used, in a similar way as has been described above, to obtain a corrected 
channel characteristic, which is defined by means of the following 
relationship: 

£= ?i~ 0 h (27) 



M 2 -|/?l 2 

wherein hi and h2 are the forwards and reverse rotated training signals, 
i.e. the inputs of the IQ estimation block of figure 5. 

In a similar way as above, the corrected 
channel characteristic c is optimised by applying the smoothness 
constraint, leading to 

^=^^n — — (28) 



with (1,1+1) running over all pairs of consecutive non-zero carriers. Again, a 
is determined on the basis of (3 by means of (10) or (1 1). 

The performance of this last compensation 
scheme is illustrated by means of figure 6 for a WLAN case study with 
coded (R=3/4 from the IEEE or HIPERLAN standard) 64QAM 
transmission. Even for large IQ imbalance (e=10%,A(()=1 0°) ? the IQ 
compensation reduces the degradation at a BER of 10' 5 down to 0.25 dB. 

Figure 7 illustrates that this last IQ 
compensation scheme works for large frequency offsets as well: the 
degradation does not exceed 0.5 dB at a BER of 10" 5 coded 64QAM even 
for frequency offsets exceeding 100 kHz. 

This last IQ estimation/compensation algorithm 
requires no extra analog hardware and a very small additional digital 
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complexity. The IQ imbalance may occur anywhere in the receiver, 
because the radio frequency (RF), local oscillator (LO) and baseband 
contributions are jointly estimated and compensated. 

Since the IQ estimation only requires a known 

5 Training Symbol, this scheme is applicable to any system which uses a 
Training Symbol to estimate the channel (e.g. Wireless LAN and 
Broadband Fixed Wireless Access). Moreover, the scheme is also 
independent of the data that follows the Training Symbol. This means it is 
applicable to any constellation size and to OFDM as well as Single-Carrier 

10 with Frequency-Domain Processing. 

Since the estimation is done in the frequency 
domain, it can be easily adapted to incorporate frequency-dependent IQ. 
In that case also the compensation is best handled in the frequency 
domain through a correction similar to (27). 



15 
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Claims 

1. A method for determining IQ imbalance 
introduced on an RF multicarrier signal received via a channel on a direct 
conversion analog receiver, comprising the steps of: 

a) receiving a training signal on said receiver, 

b) demodulating the training signal with said receiver, 

c) determining at least one IQ imbalance parameter from the 
demodulated training signal, said parameter being indicative of the 
IQ imbalance of the training signal, 

characterised in that step c) comprises the steps of: 

d) estimating a first frequency domain channel characteristic of said 
channel on the basis of the demodulated training signal, 

e) defining a predetermined relationship between a corrected 
frequency domain channel characteristic of said channel and said 
first channel characteristic, said predetermined relationship 
comprising the at least one IQ imbalance parameter, 

f) determining the at least one IQ imbalance parameter in such a way 
that the corrected channel characteristic fulfils a channel constraint. 

2. The method according to claim 1, 
characterised in that said channel constraint is that the corrected channel 
characteristic is smoother than the first channel characteristic. 

3. The method according to claim 1 or 2, 
characterised in that said channel constraint is that the corrected channel 
characteristic has a larger coherence bandwidth than the first channel 
characteristic. 

4. The method according to any one of the 
claims 1-3, characterised in that said channel constraint is that the 
corrected channel characteristic is as smooth as possible. 

5. The method according to any one of the 
claims 1-4, characterised in that said corrected channel characteristic 
comprises a set of consecutive channel coefficients and that said at least 
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one IQ imbalance parameter is determined by minimising an error norm 
between said consecutive channel coefficients. 

6. The method according to claim 5, 
characterised in that said error norm is the mean square error. 
5 7. The method according to any one of the 

claims 1-6, characterised in that said predetermined relationship is defined 
as: 



15 



m 



a 



wherein: 



10 h is the first channel characteristic, 

c is the corrected channel characteristic, 
1' = t ' t m with t being the training signal, 
a and /?are the IQ imbalance parameters, 
()* is the complex conjugate, 
() m is the mirror image. 

8. The method according to claim 7, 
characterised in that the IQ imbalance parameters are determined by: 

and & = JI^ } -j*m£l or ^i-gift-y S IMl 



Vl-3 2 {y#} 



1 



20 wherein denotes the real part and 3() the imaginary part. 

9. The method according to any one of the 
claims 1-6, characterised in that the method further comprises the steps 



25 



of: 



g) determining a carrier frequency offset estimate from said 
demodulated training signal, 
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h) rotating the demodulated training signal over a compensation 
phase equivalent to said carrier frequency offset estimate, thereby 
obtaining a forwards rotated training signal, 

i) determining the first channel characteristic from the forwards 
rotated training signal, 

j) inverse rotating the demodulated training signal over said 
compensation phase, thereby obtaining an inverse rotated training 
signal, 

k) determining a second channel characteristic from the inverse 
rotated training signal, 
said predetermined relationship further comprising the second channel 
characteristic. 

10. The method according to claim 9, 
characterised in that said predetermined relationship is defined as: 



c ~ 



i*p-i£r 



wherein: 



i?i is the first channel characteristic, 
h 2 is the second channel characteristic, 
8 is the corrected channel characteristic, 

20 or and j8 are the IQ imbalance parameters, 
()* is the complex conjugate. 

11. The method according to claim 10, 
characterised in that the IQ imbalance parameters are determined by: 



and # = Vl-3 2 {>#}-; 



or 



1- 



wherein Si{) denotes the real part and 3() the imaginary part. 
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12. The method according to any one of the 
claims 1-6, characterised in that the method further comprises the steps 
of: 

I) determining a carrier frequency offset estimate from said 

demodulated training signal, 
m) determining a plurality of inter-carrier interference parameters from 
said carrier frequency offset estimate, 
said predetermined relationship further comprising the plurality of inter- 
carrier interference parameters. 

13. The method according to claim 12, 
characterised in that said plurality of inter-carrier interference parameters 
are defined as: 



sin/r( n) 

M C£E-„> ^_ 



Af . n ,CFO v 
^ sm ( —n) 



wherein 

y n is the inter-carrier interference parameter of the n th carrier, 
CFO is the carrier frequency offset estimate, 
Af is the inter-carrier spacing of the RF multicarrier signal, 
N sc is the total number of carriers of the RF multicarrier signal. 

14. The method according to claim 13, 
characterised in that said predetermined relationship is defined as: 



AL.-1 



A 

£/ = 



N tc -\ 



V H = l i Y t -n-Y n - } 

wherein 

hj is the i th coefficient of the first channel characteristic h 9 

6j is the i th coefficient of the corrected channel characteristic c , 

t f is the i th coefficient of the training signal f, 
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a and /?are the IQ imbalance parameters, 
()* is the complex conjugate. 

15. The method according to claim 14, 
characterised in that the IQ imbalance parameters are determined by: 

P= 1 v ^ — with ^=im2^Myw-i-i/2]^/M}-/ 



V 1 



and a^^m-j^Mt or « = i-5!<£)-,*<i)5(|) 

2 

wherein 9t() denotes the real part and 3() the imaginary part. 

16. A method for determining IQ imbalance 
introduced on an RF multicarrier signal received via a channel on a direct 
10 conversion analog receiver, comprising the steps of: 

n) receiving a training signal on said receiver, said training signal 
comprising at least consecutive first and second LTS's (long 
training symbols) which have been transmitted as identical LTS's, 
o) defining a first predetermined relationship between a first corrected 
15 LTS and said first received LTS, said first predetermined 

relationship comprising at least one IQ imbalance parameter, 
p) defining a second predetermined relationship between a second 
corrected LTS and said second received LTS, said second 
predetermined relationship comprising the at least one IQ 
20 imbalance parameter and a carrier frequency offset compensation, 

q) determining the carrier frequency offset compensation from said 
training signal, 

r) determining the at least one IQ imbalance parameter by minimising 
the difference between the first corrected LTS and the second 
25 corrected LTS. 
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17. The method according to claim 16, 
characterised in that said first and second predetermined relationships are 
respectively defined as: 



A 

X 



-SLhlM. and 



? _ ^J2±M. p -jCFO* 

wherein 

x x is the first corrected LTS, 
x 2 is the second corrected LTS, 

is the first received LTS, 
y 2 is the second received LTS, 
-CFO is the carrier frequency offset compensation, 
a and are the IQ imbalance parameters, 

()* is the complex conjugate. 

18. The method according to claim 17, 
characterised in that the IQ imbalance parameters are determined by: 



0^ 



Zl(y 2 V^-(yi)i l a 



2 

wherein denotes the real part and 3() the imaginary part. 

19. A method for determining IQ imbalance 
introduced on an RF multicarrier signal received via a channel on a direct 
conversion analog receiver, comprising the steps of: 
s) receiving a training signal on said receiver, 
t) determining a carrier frequency offset from said training signal, 
u) selecting on the basis of said carrier frequency offset between the 
method of any one of the claims 1-15 and the method of any one of 
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the claims 16-18 for determining the at least one IQ imbalance 
parameter. 

20. The method according to claim 11, 
characterised in that the method of claims 1-15 is selected for offsets up 

5 to a trigger value and the method of claims 16-18 is selected for offsets 
above said trigger value. 

21. The method according to claim 12, 
characterised in that said trigger value is 15 kHz. 

22. A method for compensating IQ imbalance 
10 introduced on an RF multicarrier signal received via a channel on a direct 

conversion analog receiver, comprising the steps of: 

v) determining at least one IQ imbalance parameter by means of the 

method of any one of the claims 1 -21 , 
w) compensating the received RF signal for IQ imbalance by means of 
1 5 the at least one IQ imbalance parameter. 

23. A method for compensating IQ imbalance 
introduced on an RF multicarrier signal received via a channel on a direct 
conversion analog receiver, comprising the steps of: 

x) determining at least one IQ imbalance parameter and a carrier 
20 frequency offset estimate by means of the method of any one of 

the claims 9-21, 

y) compensating the received RF signal for carrier frequency offset by 

means of the carrier frequency offset estimate, 
z) compensating the CFO compensated signal for IQ imbalance by 
25 means of the at least one IQ imbalance parameter. 

24. The method according to claim 22 or 23, 
characterised in that the method further comprises the step of equalising 
the IQ compensated signal by means of said corrected channel 
characteristic. 

30 25. A device comprising logic for implementing 

the method of any one of the claims 1-24. 
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26. The device according to claim 25, 
characterised in that the device comprises at least one FFT block. 

27. A wireless system comprising the device of 

claim 25 or 26. 

28. A program storage device, readable by a 
machine and encoding a program of instructions for executing the method 
of any one of the claims 1-24. 
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